In this paper, petrophysical property measurements of Montney tight gas siltstones in Western Canada are discussed. We combined petrophysical measurements with advanced laboratory imaging apparatus such as micro focus X-ray CT imaging and high resolution scanning electron microscope SEM imaging. The laboratory imaging allowed us to interpret the measured petrophysical properties in terms of directly observed physical phenomena.
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Introduction
Despite the active development of unconventional reservoirs such as shale and tight gas / oil reservoirs, their hydrocarbon storage and transportation mechanisms are not yet comprehensively understood. This is mainly because in these types of reser voirs hydrocarbons are stored in extremely small pore spaces and these small pores make petrophysical measurements and their interpretation difficult.
In this paper, we describe and discuss a series of the petrophysical measurements conducted on the siltstones from a tight gas reservoir in Western Canada. These measurements are then integrated with advanced laboratory imaging such as micro focus X -ray CT imaging and high resolution scanning electron microscope SEM imaging to enhance our understanding of the petrophysical measurements and their interpretation.
Five vertical wells located in the Early Triassic Montney tight gas fair way in the Western Canadian Sedimentar y Basin were selected for this work. The Montney Formation is informally divided into Upper Montney and Lower Montney. Many areas in the tight gas fair way have proved gas and condensate deliverability from both Upper and Lower Montney sections. More than 60 plug samples, each 25 mm in diameter and 50 mm in length, were acquired from the Upper and Lower Montney sections of these five wells.
Petrophysical measurement
Porosity and permeability
Shale permeability is commonly measured on crushed samples. However, permeability measurement with crushed samples cannot be conducted under the confining pressure condition 1 . For the tight siltstones in our study we therefore conducted permeability measurements on plug samples with a Core Laboratories CMS TM -300 instrument. This allowed us to measure porosity and permeability under confining pressure conditions by use of the unsteady pressure decay method. In some plug samples, artificially induced cracks were visually observed. To identify these samples, micro focus X-ray CT MCT tomography was conducted on the plug samples as shown in Fig. 1 . Images were taken at 34 m / pixel of resolution and 34 mm 34 mm 34 mm of field of view FoV . This FoV covers almost the entire 3D volume of the plug samples. By using the MCT images, internal cracks can be clearly recognized. Fig. 2 shows the porosity and permeability relationship measured at 2,000 psi 13,790 kPa of confining pressure. Samples with cracks are indicated by white circles and samples without cracks are indicated by black circles. At comparable porosity, samples with cracks tend to have greater permeability than samples without cracks. By omitting the samples with internal cracks, a significant porosity and permeability relationship is evident.
Porosity and permeability measurements were conducted at four different confining pressure conditions from 800 psi 5,516 kPa to 2,600 psi 17,927 kPa . Fig. 3 shows the sensitivity of the permeability to confining pressure for samples without internal cracks. Permeabilities of all samples in the figure are normalized by their permeability measured at 800 psi of confining pressure. The trend line fitted to the measured data suggests that the matrix permeability is reduced approximately 50 by changing the confining pressure from 800 psi to 2,600 psi.
Pore size distribution
High pressure Mercur y Intrusion Capillar y Pressure MICP measurement was conducted on 10 selected samples to measure the pore size distribution PSD . An AutoPore IV 9500 instrument provided by Micrometrics was used. The apparatus can apply 60,000 psi 413,700 kPa of maximum pressure, which corresponds to about 3 nm in pore diameter. For the measurements, 0.8 g to 2.5 g of crushed samples prepared from the end trim of plug samples were used.
To conver t from mercur y capillar y pressure to the corresponding pore throat diameter, the following parameters were used:
Mercury surface tension: 485 dynes / cm Contact angle: 130 degree Mercury density: 13.5335 g / mL An example of MICP measurement is shown in Fig. 4 and the results are summarized in Table 1 . Based on the injected mercury volume, mercury porosity H g porosity was calculated and compared with helium porosity H e porosity Fig.  5 , which was discussed in the previous section. H g porosity is slightly lower than H e porosity, but they are reasonably consistent with each other.
The measured pore diameter ranges from 15 nm to 174 nm. Based on the mode pore diameter, the permeability was estimated using a tortuous pipe model. Assuming the pore system to be a set of tortuous pipes with representative pipe radius r p and tortuosity , permeability can be expressed as:
Where is porosity and k is permeability in the unit of m 2 . For detailed derivation of the equation, please refer to Costa 2006 2 . Fig. 6 compares the measured permeability with the estimated permeability based on the PSDs. With 1, which is a straight pipe, the estimated permeability is about 100 times higher than the measured value. By applying 11, the estimated permeability can be reasonably matched with the measured data.
Total organic carbon
Organic Elemental Analyzer apparatus was used for Total organic carbon TOC measurements. The apparatus measures TOC by use of dynamic flash combustion. In this measurement, crushed samples are first treated with acid to remove carbon content from carbonate and then cleaned with water and dried. After this pre-treatment, the crushed samples are heated at 900 to 1,000 o C to burn the organic matter. The organic content was then measured. Fig. 7 shows measured TOC as a function of porosity. An overall inverse relationship can be seen in the porosity-TOC cross-plot. The trend can be explained in terms of the petroleum system of the Montney. Sanei et al. 2013 conducted geochemical analyses on Montney samples and they observed the existence of pyrobitumen 3 . Based on their geochemical and organic petrography obser vations, they proposed the pyrobitumen originated as a migrated liquid hydrocarbon phase and that gas was generated by the thermal cracking of the liquid hydrocarbons. As a result, the paleoporosity system was extensively plugged by pyrobitumen. This interpretation is consistent with the trend observed in Fig. 7 : pyrobitumen reduces the porosity and increases the TOC.
High-resolution scanning electron microscope
In order to gain greater understanding of the petrophysical parameters discussed in the previous sections, direct porescale observations were conducted using a high-resolution scanning electron microscope SEM . Fig. 8 a and b show an example of SEM images. In these images, upper figures were taken at 58 nm / pixel resolution and lower figures were taken at the 10 nm / pixel of resolution. Fig. 8 a shows a sample with low TOC and high porosity. Well preserved intergranular pores can be observed as indicated by arrows Upper image . The size of these pores is in the order of several micro-meters, which is significantly bigger than the pore size measured by MICP 15 174 nm . This is because MICP measures pore throat size. In lower images of Fig. 8 a , slit like pores with the width of several 100 s of nano-meter are clearly observed at the grain boundaries. These inorganic intergranular pores would serve as effective pore throats for fluid flow. Fig. 8 b shows a sample with high TOC and low porosity. Intergranular pore spaces are occupied by pyrobitumen arrows . As shown in the lower images, a lot of small pores are observed within the pyrobitumen. The size of these types of pores is several 10 s of nano-meters. The pore spaces at the grain boundaries are narrow compared with Fig. 8 a . For these types of rock, the fluid flow would be controlled by the nano-pores in the pyrobitumen.
Finally, Focused Ion Beam Scanning Electron Microscopy FIB / SEM was used to observe 3D pore and organic structure at high resolution e.g. 10 nm / pixel . The Focused Ion Beam FIB is placed perpendicular to the sample surface and the Scanning Electron Microscope SEM is placed at a 54 degree angle. Irradiation by gallium ions from the focused ion beam mills the sample surface. The milled surface is then observed by SEM. Repeating the FIB milling and SEM observation generates successive 2D SEM images. The 2D images can then be reconstructed to render a 3D volume for observation at high resolution.
Although FIB / SEM imaging deals with only a small volume of the rock sample e.g. 10 10 20 m , it is useful for understanding pore systems and their connectivity.
Visualized porosity and organic structures are shown in Fig. 9 . Different types of pore and organic structure are evident. Fig. 9 a shows a slit-shaped intergranular pore. The intergranular space is partially filled with pyrobitumen. Fig. 9 b shows massive organic matter on the upper side of the image and complex but well-connected intergranular pore spaces throughout the rest of the 3D volume. Fig. 9 c shows intergranular space tightly occluded with pyrobitumen. Small pores can be recognized in the pyrobitumen, but at this Pores in pyrobitumen c image resolution they appear to be disconnected from each other. Imaging of Montney samples at higher resolution reveals that organic pores can be well connected Mark Curtis, Univ. Oklahoma, personal communication .
Conclusion
Permeability measured under the confining pressure show a significant correlation between porosity and permeability, and a high degree of sensitivity to confining pressure. This result was achieved by use of plug samples and micro focus X-ray CT imaging to detect and omit samples with artificially induced internal cracks. Pore size distribution of Montney formation was evaluated by MICP. The mode pore diameter ranges from 15 to 174 nm. Based on the mode diameter, the permeability was estimated with assuming tortuous pipe model. A good agreement with measured permeability was achieved when 11 was applied. An inverse trend between porosity and TOC was observed and explained in terms of the Montney petroleum system. The TOC is dominantly thermally degraded bitumen which substantially plugs the paleo-porosity network. This interpretation was substantiated by high resolution SEM imaging. 3D pore and organic structures were visualized by use of FIB / SEM. The imaging showed a paleo-porosity network substantially filled with pyrobitumen. The remaining present-day porosity network was observed to have a highly complex distribution of intergranular, intraparticle and organic pores.
